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CORROSION  AND  CORROSION  FATIGUE  OF  ALUMINUM  ALLOYS: 
CHEMISTRY,  MICROMECHANICS  AND  RELIABILITY 

Robert  P.  Wei  and  D.  Gary  Harlow 
LEHIGH  UNIVERSITY 

Department  of  Mechanical  Engineering  and  Mechanics 
Bethlehem,  PA  18015-3085 


SUMMARY 

Lehigh  University  undertook  a  3-year,  multidisciplinary  program  of  research,  under 
AFOSR  Grant  No.  F49620-98-1-0198,  to  further  develop  a  basic  mechanistic  understanding  of 
the  damage  evolution  processes  of  localized  corrosion  and  corrosion  fatigue  crack  nucleation  and 
growth  in  aluminum  alloys  used  in  aircraft  construction,  and  to  formulate  mechanistically  based 
probability  models  for  reliability  assessment  and  life-cycle  management  based  on  this 
understanding.  Research  was  initiated  on  01  February  1998  and  was  extended  to  31  July  2001. 
The  objectives  of  the  program  are:  (1)  the  development  of  basic  understanding  of  the  processes 
of  localized  corrosion  and  corrosion  fatigue  crack  nucleation  and  growth  in  high  strength 
aluminum  alloys  used  in  airframe  construction;  (2)  the  formulation  of  kinetic  models  for  these 
elemental  processes;  and  (3)  the  integration  of  these  models  into  probabilistic  models  that  can 
provide  guidance  in  formulating  methodologies  for  service  life  prediction  and  fleet  management. 
Research  carried  out  under  this  grant  has  demonstrated  the  need  and  the  feasibility  for 
developing  mechanistically  based  probability  models  (versus  statistically  based  parametric 
models)  for  the  evolution  of  damage  from  time-dependent  processes,  such  as  corrosion  and 
corrosion  fatigue.  Such  models  need  to  be  integrated,  along  with  other  science-based  methods, 
into  a  new  paradigm  for  the  overall  optimization  of  design,  manufacturing,  operation  and 
disposal  and  for  life-cycle  management  of  engineered  systems.  A  challenge  is  made  to  the 
research  and  engineering  community,  as  well  as  industry  and  sponsoring  agencies,  to  focus  on 
the  development  of  this  new  paradigm  for  designing  reliable  and  affordable  engineered  systems. 
A  list  of  technical  publications  that  resulted  from  this  effort  is  included,  and  specific  papers  are 
available  upon  request  to  the  Principal  Investigators  at  Lehigh  University. 
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1.0  Introduction  and  Objectives 

Performance,  reliability,  maintainability  and  life  cycle  cost  of  aircraft  and  other  aerospace 
systems  depend  to  a  large  extent  on  those  factors  that  affect  the  durability  of  airframe  and 
propulsion  system  components.  Durability  of  airframes  and  airframe  components  is  governed 
principally  by  material  degradation  through  localized  corrosion  and  fatigue  crack  nucleation  and 
growth.  Accordingly,  to  support  the  maintenance  of  existing  aerospace  structures  (such  as  those 
of  C/KC-135,  C-141,  C-5A,  F-16  and  T-38)  and  the  development  of  Air  Force  structures  of  the 
21st  century,  a  methodology  is  needed  for  making  stochastically  tight  estimates  of  structural  life 
(or  residual  strength)  for  conditions  that  are  well  beyond  those  contemplated  in  the  original 
design  and  covered  by  the  range  of  typical  supporting  data.  Such  a  methodology  would  improve 
upon  those  employed  currently  in  design  and  sustainment,  which  are  deterministically  or 
statistically  based  and  are  only  suitable  for  making  interpolations  within  the  bounds  of  the 
existing  (supporting)  data.  The  development  of  this  methodology  requires  a  quantitative 
mechanistic  understanding,  characterization  and  modeling  of  the  elemental  processes  of  damage 
evolution,  and  the  integration  of  the  various  models  into  a  suitable  probabilistic  framework  for 
service  life  (or  residual  strength)  prediction. 

To  support  the  methodology  development,  a  program  of  research  was  proposed  to 
AFOSR  as  a  follow-on  to  prior  research  under  Grant  No.  F49620-96- 1-0245  completed  on  31 
December  1997.  The  objectives  of  the  program  are  as  follows:  (1)  the  development  of  basic 
understanding  of  the  processes  of  localized  corrosion  and  corrosion  fatigue  crack  nucleation  and 
growth  in  high  strength  aluminum  alloys  used  in  airframe  construction;  (2)  the  formulation  of 
kinetic  models  for  these  elemental  processes;  and  (3)  the  integration  of  these  models  into 
probabilistic  models  that  can  provide  guidance  in  formulating  methodologies  for  service  life 
prediction  and  fleet  management.  Research  was  initiated  under  Grant  No.  F49620-98-1-0198  on 
01  February  1998  and  covered  a  period  through  31  July  2001.  It  proceeded  according  to  the 
original  plan  and  has  achieved  the  overall  objectives. 

This  final  technical  report  summarizes  research  performed  under  this  grant.  To  place  the 
research  accomplishments  in  perspective,  the  fundamental  differences  between  the  statistically 
based  and  mechanistically  based  probability  approaches  are  highlighted  [1],  The  application  of  a 
multidisciplinary  approach  for  mechanistic  understanding  and  modeling  of  damage  evolution  is 
illustrated  through  a  review  of  the  understanding  and  modeling  of  localized  corrosion  and 
corrosion  fatigue  crack  growth  of  airframe  aluminum  alloys  developed  under  the  AFOSR  and 
prior  FA  A  sponsored  programs  at  Lehigh  University  [2-12].  Resolution  of  the  long-standing 
dichotomy  between  the  nucleation  and  crack  growth  (i.e.,  the  stress-life  versus  fracture 
mechanics)  approaches  to  corrosion  fatigue  is  discussed  [13].  The  efficacy  of  the  mechanistically 
based  probability  approach  is  demonstrated  through  a  comparison  between  the  predictions  of  a 
simplified  probabilistic  model  against  corrosion  and  corrosion  fatigue  damage  found  in  a 
transport  aircraft  that  had  been  in  commercial  service  for  24  years  [14]. 
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2.0  New  Paradigm,  Framework  and  Approach 
2.1  Need  for  a  New  Paradigm 


Operating  Costs 


Disposal  Costs 


Corrosion  and  corrosion  fatigue  have  been  well  recognized  since  the  1930s  as  a  principal 
cause  for  the  aging  of  engineered  systems  and  the  attendant  reduction  in  their  reliability  and 
safety  (see  ref.  [15],  for  example).  It  involves  the  conjoint  actions  of  mechanical  loading  and 
chemical  attack,  which  can  impact  the  continued  safety  and  availability,  and  the  cost  of  operation 
and  sustainment  of  these  systems.  Research  over  the  intervening  decades  has  brought  consider¬ 
able  understanding  of  these  processes  of  damage.  The  development  of  experientially  based 

design  methods  and  supporting 
databases  has  facilitated  the  reliable 
design  of  a  broad  range  of  engine¬ 
ering  systems.  The  challenges  of 
designing  for  a  modern,  competitive 
global  market  and  for  ensuring  the 

1,  Capital  Costs  ^  Opening  Cos, s  Dispose,  Costs  j  continued  safety  and  reliability  Of 

(including  Revenue  loss)  aging  systems  that  remain  in  service 

.  Integrity,  safety,  durability,  reliability,  etc.  Well  beyond  their  Original  design 

!  Sodetefissues ^g. ,  environmental  impact)  Service  Objectives,  however,  man- 

Fig.  1 .  A  new  design  paradigm:  contextual  framework  and  simplified  dates  the  development  of  a  new 

flow  diagram  [1].  paradigm  for  design,  reliability 

assessment  and  life-cycle  manage¬ 
ment.  Such  a  new  paradigm  must  be 
based  on  the  formulation  of  “predi¬ 
ctive”  methods  that  are  built  upon 
mechanistic  models  for  damage 
evolution.  Such  methods,  together 
with  a  broad  range  of  companion, 
science-based  methods,  would  then 
form  the  backbone  for  the  overall 
optimization  of  design,  manufactur¬ 
ing,  operation  and  disposal  of 
modem  engineered  systems  by 

Fig.  2.  Schematic  flow  diagram  for  reliability  and  safety  assessments  fu"Cti0n'  reliabilily  costs 

and  sustainment  ol.nnin.  111.  <»><*  SOCietal  impact  (FlgS  1  atld  2). 


(Including  Revenue  Loss) 

•  Optimization  of  life-cycle  cost  (cost  of  ownership) 

•  Integrity,  safety,  durability,  reliability,  etc. 

•  Enterprise  planning 

•  Societal  issues  (e.g.,  environmental  impact) 

Fig.  1 .  A  new  design  paradigm:  contextual  framework  and  simplified 
flow  diagram  [1]. 


Nondestructive 
Evaluation 
(Tool  Set  1) 


Fig.  2.  Schematic  flow  diagram  for  reliability  and  safety  assessments 
and  sustainment  planning  [1]. 


2.2  Framework  and  Approach 


The  challenge  is  to  formulate  science-based  “predictive”  methods  for  corrosion  and 
corrosion  fatigue  of  materials  and  systems  that  can  provide  accurate  estimates  of  their  perfor¬ 
mance  and  assessments  of  risk  beyond  the  range  of  conditions  covered  by  the  supporting  design 
data.  Their  development  requires  a  multidisciplinary,  mechanistically  based  probability  approach 
[16,17].  The  essential  goal  is  to  develop  a  damage  function  D(x„y,-,0  that  incorporates  all  of  the 
key  internal  (x,;  e.g.,  chemical  and  microstructural)  and  external  (yg  e.g.,  loading  and 
environmental)  variables  and  their  variability,  and  time  t.  The  damage  function  facilitates 
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estimation  of  the  probabilistic  evolution  and  distribution  of  damage  as  a  function  of  time  in  ser¬ 
vice  for  use  in  reliability  analysis  and  life-cycle  management,  or  the  distribution  in  service  lives. 
Its  development  requires  a  coordinated,  multidisciplinary  approach  that  integrates  the  expertise 
of  researchers  in  chemistry,  materials  science,  solid  and  fracture  mechanics,  and  probability  and 
statistics  to  achieve  the  necessary  mechanistic  understanding  of  the  processes  of  damage 
evolution  in  concert  with  probability  analysis.  It  differs  from  the  traditional,  experientially  based 
approaches  in  which  the  internal  variables  are  seldom,  if  ever,  considered. 

2.3  Statistically  Based  Parametric  vs.  Mechanistically  Based  Probability  Approaches 


It  is  important  to  recognize,  at  the  outset,  the  fundamental  difference  between  the 
statistically  based  parametric  approach  to  design  and  reliability  analysis  that  is  in  current  use  and 
the  proposed  mechanistically  based  probability  approach.  The  difference  between  the  two 
approaches  is  illustrated  through  modeling  of  creep  controlled  crack  growth  in  terms  of  kinetics 
in  Fig.  3  and,  in  the  stress-life  form  more  commonly  preferred  by  designers,  in  Fig.  4  [1].  The 
proposed  mechanistically  based  approach  seeks  to  translate  mechanistic  understanding  of  the 
processes  of  damage  evolution  into  models  that  capture  the  functional  dependence  on  the  key 
external  (e.g.,  loading  and  environmental)  and  internal  (e.g.,  chemical  and  microstructural) 
variables,  and  probabilistic  distributions  that  reflect  the  stochastic  contributions  from  variations 
in  only  these  variables.  Once  validated,  it  enables  predictions  beyond  the  range  of  typical  data, 
facilitates  predictions  outside  of  the  experiential  base,  and  provides  a  quantifiable  basis  for 
assessment  of  risk. 


Fig.  3.  Comparison  between  mechanistically  based 
probability  and  statistically  based  models  for  crack 
growth  kinetics  [1], 


time-to-failure  (days) 


Fig.  4.  Comparison  between  mechanistically  based 
probability  and  statistically  based  models  in  the  stress- 
life  domain  [1], 


Statistically  based  parametric  approaches,  on  the  other  hand,  are  predicated  on  the 
parametric  representation  of  experimental  data  primarily  through  regression  analysis.  As  such,  it 
can  only  capture  the  influences  of  those  external  variables  that  were  utilized  in  gathering  the 
data.  The  resulting  parametric  model  is  suitable  only  as  an  interpolative  tool,  and  its  use  for 
predictions  outside  of  the  experiential  base  is  fraught  with  danger.  Because  of  model  uncer¬ 
tainties  and  the  inability  to  discriminate  between  variability  associated  with  variations  in  key 
(albeit,  unidentified)  internal  variables,  and  that  from  uncontrolled  external  variables  and 
measurement  errors,  its  suitability  for  use  in  risk  assessment  is  uncertain.  This  uncertainty  is 
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exacerbated  by  the  statistical  procedures  (parametric  versus  non-parametric)  used  in  estimating 
the  confidence  bounds.  At  best,  the  approach  would  lead  to  conservative  (though  costly)  designs; 
albeit,  such  a  perception  may  be  difficult  to  substantiate.  For  example,  using  this  approach  to 
design  to  the  lower  (95%)  confidence  bound  of  service  life  (or  for  a  probability  of  failure  of 
0.025)  would  require  a  reduction  in  design  allowable  stress  to  450  MPa  (based  on  non- 
parametric  analysis)  from  600  MPa  for  the  mechanistically  based  probability  approach,  or  25%. 
A  further  reduction  to  about  380  MPa  (or  more  than  45%  overall)  would  be  required  if  the 
confidence  bounds  had  been  estimated  parametrically.  It  is  to  be  noted  that,  for  the  example 
given  here,  the  data  used  in  developing  the  statistical  model  had  come  from  a  limited  number  of 
well-controlled  tests  on  a  single  material  [18].  As  such,  the  indicated  variability  arose  principally 
from  the  measurement  errors  and  its  use  as  a  measure  of  the  contributions  of  internal  variables 
for  reliability  assessment  is  problematic.  In  view  of  these  observations,  the  continued  use  of  this 
approach  for  design  needs  to  be  seriously  examined. 

Because  it  is  the  variability  associated  with  the  internal  (e.g.,  materials)  variables  that 
needs  to  be  taken  into  account,  it  is  essential  to  adopt  the  mechanistically  based  probability 
methodology  for  life-cycle  engineering  and  management.  The  development  of  this  methodology 
will  be  an  expensive  and  time-consuming  process.  To  accept  the  scientific  and  technical 
responsibility  for  supporting  engineering  design  in  a  globally  competitive  environment,  however, 
it  is  essential  for  this  community  to  accept  the  challenge  and  lead  in  the  development  of  this 
methodology.  In  the  following  sections,  the  approach  and  process  for  its  development  are 
illustrated  through  an  example  on  corrosion  and  corrosion  fatigue  of  aluminum  alloys  used  in 
aircraft  construction.  The  feasibility  of  making  estimates  of  the  long-term  damage  distribution  is 
demonstrated  through  a  comparison  of  model  predictions  against  the  distribution  of  observed 
damage  in  a  transport  aircraft  that  had  been  in  long-term  service. 

3.0  Processes  of  Damage  Evolution 

The  impact  of  pitting  corrosion  on  fatigue  cracking  has  been  recognized  since  the 
beginning  of  this  century  (see  Gough  [15]).  The  mechanism  of  pitting  corrosion  and  its  impact 
on  fatigue  in  aircraft  aluminum  alloys  (such  as,  2024)  are  described  in  the  more  recent  studies  by 
Chen  et  al.  [2],  Burynski  et  al.  [3],  Gao  et  al.  [4],  Wei  et  al.  [5]  and  Liao  et  al.  [6-9].  These 
studies  were  motivated,  in  part,  by  Kondo  [19],  who  demonstrated  the  role  of  pitting  in  the 
evolution  of  fatigue  damage  in  steam  turbines 
and  by  the  concerns  with  aging  of  commer¬ 
cial  and  military  aircraft.  They  showed  that 
pitting  corrosion  is  induced  by  the  local 
dissolution  of  the  matrix  through  its  galvanic 
coupling  with  constituent  particles  in  the 
alloys.  These  pits  serve  as  nuclei  for  subse¬ 
quent  fatigue  cracking  and  significantly 
reduce  the  serviceable  life  of  a  component  or 
structure  [8].  Plausible  processes  of  aging,  or 
damage  accumulation,  in  airframe  aluminum 
alloys  (see  Fig.  5)  therefore,  were  considered 
to  be  dominated  by  localized  (or  pitting) 


Crack  Nucleation  and  Growth 


Fig.  5.  Schematic  diagram  of  the  development  of  corro¬ 
sion  fatigue. 
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corrosion  in  the  early  stage,  and  by  corrosion  fatigue  crack  growth  in  the  later  stage.  Corrosion 
fatigue  cracking  would  nucleate  at  severe  corrosion  pits.  These  pits  would  form  at  clusters  of 
constituent  particles  in  the  alloys  through  dissolution  of  the  surrounding  matrix  induced  by  the 
particle-matrix  galvanic  couple.  Cracking  from  the  nucleating  corrosion  pits  would  undergo  a 
regime  of  chemically  short  and  then  long  crack  growth.  The  processes  of  aging  are  illustrated 
below  through  a  brief  review  of  experimental  data,  obtained  at  Lehigh  University,  on  pitting  and 
crack  nucleation  and  growth  in  the  2024-T3  aluminum  alloy  [2-8]. 

3.1  Particle  Induced  Pitting  Corrosion 

Localized  (pitting)  corrosion  in  the  2024-T3  (bare)  alloys,  in  0.5M  NaCl  solutions,  was 
studied  [2-8].  The  results  showed  that  pitting  is  the  result  of  galvanic  dissolution  of  the  matrix 
through  coupling  with  constituent  particles  in  the  alloys.  Pitting  depends  strongly  on  temperature 
and  solution  pH.  The  pitting  rate  increases  with  increasing  temperature  (corresponding  to  an 
activation  energy  of  about  40  kJ/mol.),  and  is  higher  at  more  acidic  pH  levels  [3,8,12],  The 
process  is  complex  and  involves  3-D  interactions  with  the  constituent  particles.  Pitting  sensitivity 
depends  upon  orientation,  and  is  more  severe  in  the  thickness  orientations  because  of  local  segre¬ 
gation  of  constituent  particles. 

Two  modes  of  pitting  corrosion  were  identified  [5,7]:  namely,  (i)  general  pitting  over  the 
specimen  surface  and  (ii)  severe  localized  pitting  at  selected  sites.  General  pitting  occurs  almost 
immediately  upon  specimen  immersion,  and  leads  to  the  formation  of  small,  shallow  pits  over 
the  entire  specimen  surface.  Each  pit  is  identified  with  a  constituent  particle  on  the  surface  (Fig. 
6),  and  the  process  is  confirmed  by  transmission  electron  microscopy  [4],  Severe  localized 
pitting  results  from  the  interactions  of  the  matrix  with  a  cluster  or  clusters  of  constituent 
particles.  The  clusters  form  local  galvanic  cells  to  sustain  continued  matrix  dissolution  and 
produce  larger  and  deeper  pits.  The  onset  of  severe  pitting  from  a  cluster  of  particles  at  the 
surface  is  illustrated  in  the  sequence  of  in  situ  observations  in  Figs  7(a)  to  7(c).  The  surface 
manifestations  of  severe  pitting,  after  500  h  of  immersion  in  0.5M  NaCl  solution  at  room 
temperature,  is  shown  in  Fig.  7(d).  The  pits  in  Fig.  7(d),  after  corrosion  product  removal,  may  be 

seen  in  Fig.  8.  The  3-D  nature  and  complex 
form  of  the  severe  pits  are  illustrated  by 
scanning  electron  (SEM)  micrographs  of  the 
replica  of  a  typical  severe  pit  formed  from  a 
cluster  of  constituent  particles  in  Fig.  9  [7]. 
The  main  body  of  the  pit  is  approximately  250 
|im  long,  150  pm  wide  and  150  |im  deep;  the 
actual  pit  opening  at  the  surface  is  much 
smaller.  The  individual  rounded  features  are 
consistent  with  galvanic  corrosion  of  the 
matrix  by  the  constituent  particles  in  the  alloy 

Fig.  6.  SEM  micrograph  showing  pitting  induced  by  (  f  R  ,q^ 

constituent  particles  in  2024-T3  aluminum  alloy  [5,7].  '  °  ' 
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Fig.  8.  Photomicrograph  of  area  shown  in  Fig.  3(d)  after 
the  corrosion  products  have  been  removed  by  acid 
cleaning  [5,7]. 


Fig.  9.  SEM  micrographs  of  the  epoxy  replica  of  a  severe 
corrosion  pit  in  2024-T3  aluminum  alloy:  (a)  plan 
(bottom)  and  (b)  elevation  (side)  view  relative  to  the 
original  pit  [9]. 


Fig.  7.  Time-lapse  photomicrographs  of  the  onset  of 
pitting  corrosion  (a-c)  and  photomicrograph  of  corroded 
(L-S)  surface  (after  500  h  immersion)  of  a  2024-T3 
aluminum  alloy  in  0.5M  NaCl  solution  at  room 
temperature  [5,7]. 


3.2  Transition  from  Pitting  to  Fatigue  Crack  Growth 


Corrosion  fatigue  crack  nucleation  reflects  the  competition  between  pitting  and  fatigue 
crack  growth,  and  is  characterized  by  the  transition  from  a  growing  pit  to  fatigue  crack  growth. 
Two  criteria  for  this  transition  have  been  proposed  and  validated  by  Chen  et  al  [9].  They  are:  (i) 
the  cyclic  stress  intensity  range  (AK)  for  an  equivalent  crack  must  exceed  the  fatigue  crack 
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growth  threshold  AKth,  and  (ii)  the  time-based  fatigue  crack  growth  rate  must  exceed  the  pit 
growth  rate;  i.e., 


AK  >  A Kth  and 


fdc} 

dt 


Jcrack 


dc 

dt 


)pit 


(1) 


where  c  is  the  half-length  of  the  equivalent  crack  or  the  corresponding  pit  dimension  at  the 
surface.  The  threshold  criterion  was  first  proposed  by  Kondo  [19].  The  use  of  the  surface  length 
was  predicated  on  the  assumption  that  the  pit  depth  a  would  be  larger  than  c  (i.e.,  an  aspect  ratio 
a/c  >1).  For  simplicity,  the  pit  shall  be  assumed  to  be  hemispherical  herein  (i.e.,  a/c  =  1,  or  a- 
c),  and  the  pit  depth  a  shall  be  adopted.  Equation  (1),  therefore,  is  modified  as  follows  [20]: 


AK  >  A Kth  and 


(  da  \ 


(dt 


Jcrack 


(2) 


3.3  Chemically  Short  Fatigue  Crack  Growth 

Studies  of  the  transition  from  pitting  to  corrosion  fatigue  crack  growth  (or  crack 
nucleation)  suggested  that  the  pit  size  at  transition  is  in  the  range  of  40  to  200  |im  [9].  The  extent 
of  fatigue  crack  growth  of  interest,  on  the  other  hand,  is  on  the  order  of  a  few  millimeters  (for 
example,  in  aircraft  fuselage  lap  joints).  As  such,  characterization  and  modeling  of  the  early 
stage  (or  chemically  short  regime)  of  corrosion  fatigue  crack  growth  is  important  to  the  accurate 
and  reliable  assessment  of  the  integrity  of  aircraft  structures. 


|2024-T3  in  0.5M  NaCI,  [OJ  =  30  ppm 

-  .  .  aK  =  10  MPa  m1, 

♦  ♦♦♦♦♦♦  ♦♦  ♦♦♦♦♦♦  ♦♦  ♦  ♦•*♦♦♦♦♦  ♦♦ 


Experiments  by  Wan  [10]  on  2024-T3  (bare)  aluminum  alloy  sheets  in  0.5M  NaCI 
solutions,  at  room  temperature  and  10  Hz,  showed  chemically  short-crack  growth  behavior.  The 
behavior  is  quite  complex  and  depends  on  AK  and  dissolved  oxygen  concentration  (Fig.  10).  The 
effect  is  reflected  in  increased  crack  growth  rates  relative  to  those  of  a  long  crack,  by  as  much  as 
a  factor  of  two  at  a  crack  length  of  0.5  mm,  at  the  lower  AK  levels.  The  rates  decreased 
subsequently  to  the  long-crack  rates  at  crack  lengths  of  4  to  8  mm,  depending  on  AK,  and  grad¬ 
ually  disappeared  at  higher  AK  levels;  the  particular  level  depended  on  oxygen  concentration. 

Loss  of  the  short-crack  effect  is  attributed  to 
the  decrease  in  dissolved  oxygen  at  the  crack 
tip  with  crack  prolongation.  The  decrease  in 
crack  growth  rate  correlates  well  with  the 
drop  in  the  amount  of  charge  transferred  in 
the  electrochemical  reactions  with  bare  alloy 
surfaces  with  decreasing  oxygen  concen¬ 
tration  [11].  The  cause  for  its  disappearance, 
however,  is  attributed  to  the  gettering  of  dis¬ 
solved  oxygen  by  the  “exposed”  crack  sur¬ 
faces.  Dolley  et  al.  [21]  had  shown  that  the 
contribution  to  fatigue  crack  growth  life  by 
this  chemically  short  crack  effect  could  be 
handled,  with  sufficient  accuracy  by  the  use 


I  MPa  m 


Fig.  10.  Chemically  short  fatigue-crack  growth  response 
for  2024-T3  aluminum  alloy  in  0.5M  NaCI  solution  [13]. 
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of  a  reduction  factor.  As  such,  the  functionality  of  its  contribution  is  not  explicitly  included  in  the 
following  discussions. 


4.0  Mechanistic  Modeling 

4.1  Modeling  of  Pit  Growth 

To  assess  the  influence  of  pitting  corrosion,  Harlow  and  Wei  [14,17]  proposed  a 
simplified  model  for  pit  growth.  The  model  is  patterned  after  that  proposed  by  Kondo  [19],  and 
assumes  a  pit  of  hemispherical  shape  that  grows  at  constant  volumetric  rate  in  accordance  with 
Faraday’s  law  from  an  initial  radius  a0.  The  rate  of  pit  growth  is,  therefore,  given  as  follows: 


dV_ 

dt 


d_r 

dty 


2  3 
—na 

3 


_  2  da 

=  2 %a  —  = 


dt 


da 

dt 


MIP  1 

2 nnpF  a2 


Mh 

npF 


(3) 


where  a  is  the  pit  radius  at  time  t;  M  is  the  molecular  weight  of  the  metal;  Ip  is  the  pitting  current; 
n  is  the  valency;  p  is  the  density  of  the  metal;  and  F  is  Faraday’s  constant.  The  pitting  current  is 
attributed  to  the  galvanic  coupling  between  the  constituent  particles  and  the  matrix.  The  pit  size 
as  a  function  of  time  and  the  time  to  reach  a  given  pit  size  is  obtained  by  direct  integration  of 
Eq.(3),  and  are  given  by  Eqs.(4)  and  (5),  respectively. 


a  = 


3  MIp 

iKnpF 


t  +  a„ 


,1/3 


(4) 


t- 


2nnpF_ 
3  ML 


(a3-al) 


(5) 


More  recently,  Wei  [22]  reexamined  the  physical  basis  for  the  model,  and  proposed  two, 
more  “realistic,”  models  for  pit  growth.  These  models  explicitly  considered  particle  induced 
pitting  around  a  surface  particle,  or  a  small  cluster  of  particles,  and  its  subsequent  growth 
through  the  conjoint  cluster  of  subsurface  particles.  The  simpler  of  the  two  models,  providing  a 
reasonable  degree  of  accuracy,  assumes  that  the  pit  grows  from  an  exposed  portion  of  the  particle 
cluster  at  the  surface  and  then  progresses  throughout  the  cluster.  Its  growth  is  supported  by  the 
galvanic  coupling  current  flowing  between  the  matrix  (pit  surface)  and  the  exposed  constituent 
particles  at  the  pit  surface.  The  growth  rate  is  determined  by  the  limiting  cathodic  current  density 
ico  that  can  be  supported  by  the  particle  and  the  effective  surface  area  of  the  particles. 

Assuming  that  the  constituent  particles  within  the  cluster,  with  an  average  radius  ap 
(pm),  are  uniformly  distributed  with  an  average  density  dp  (particles/mm2),  the  average  number 
of  particles  np  that  are  exposed  on  the  surface  of  hemispherical  pit  of  radius  a  (pm)  at  time  t  (h) 
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would  be  given  by  np  -dp(2Ka).  The  area  of  the  particles  that  would  be  exposed  to  the 
electrolyte  within  a  growing  pit  at  time  t  is  taken,  on  average,  to  be  equal  to  np  (2 7tdp ) .  The 
pitting  current  is  then  given  by  Eq.(6): 

1P  =  i„np  (2 nd) )  =  ico (dp  ■  2na2)(2nd2p )  (6) 

From  the  Faradiac  relationship,  the  pit  growth  rate  is  then  given  by  Eq.(7),  and  those  for  pit 
evolution  by  Eq.(8): 


da  _  MI  p  1 
dt  InnpF  a 2 


M  1  . 

npF  2t ra2  *" 


(dp  ■2Ka2)(2na2)  = 


MiJp 

npF 


(27 va2p) 


(7) 


Figure  1 1  shows  the  good  agreement  between  the  predicted  and  measured  values  of  pit 


depths  that  were  obtained  from  2024-T3 
aluminum  alloy  sheet  specimens  after  immer¬ 
sion  in  0.5M  NaCl  solution  ([O2]  =  7  p.p.m.) 
for  16  to  384  h  [23].  For  this  comparison,  an 
average  particle  radius  of  5  pm  and  a  value  of 
ico  of  200  pA/cm2  were  used  throughout  to 
estimate  the  “average”  influences  of  particle 
composition  and  solution  chemistry  [4,24], 
Variability  was  reflected  here  only  through  the 
choices  in  particle  density  of  3,000,  1,330  and 
500  particles/mm2,  and  starting  cluster  size  of 
18,  14  and  10  pm  for  a2i,  a22,  a23,  respectively. 
In  reality,  variability  would  reflect  the 
combined  influences  of  variations  in  aot  a,„  np 
and  ico,  or  in  appropriate  combinations  of  these 
variables,  and  needs  to  be  addressed  more 
appropriately. 


Time  (h) 


Fig.  11.  Comparison  between  predicted  (a^)  and  mea¬ 
sured  ( aexp )  pit  sizes  in  a  2024-T3  aluminum  alloy 
exposed  to  0.5M  NaCl  solution  at  room  temperature. 


4.2  Modeling  of  Corrosion  Fatigue  Crack  Growth 


Fatigue  crack  growth  (FCG)  experiments  were  performed  followed  by  a  post-fracture 
analysis  to  characterize  the  chemically  short-crack  behavior  in  a  7075-T6  aluminum  alloy  and  to 
identify  cracking  mechanisms  active  during  this  behavior  [11].  This  alloy  exhibited  enhanced 
growth  rates  in  a  0.5M  NaCl  solution  over  those  in  dehumidified  air  with  the  observance  of 
chemically  short-crack  behavior  over  a  range  of  crack  lengths  from  0.5  to  8  mm.  The  extent  of 
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the  chemically  short-crack  behavior  depended  on  the  crack  driving  force  ( AK ),  crack  length  and 
the  concentration  of  dissolved  oxygen  ([02])  in  the  solution.  Crack  growth  in  dehumidified  air 
produced  cracking  exclusively  along  {001}  planes,  Fig.  12.  Two  concurrent  cracking 
mechanisms  operated  in  the  aqueous  NaCl  solutions;  namely,  cracking  along  the  {001}  and 
{011}  crystallographic  planes,  with  approximately  95%  along  {001}  planes  and  the  remaining 
5%  occurring  along  {011}  planes,  Fig.  13.  The  {011}  facets  appeared  flat  and  featureless,  and 
correlated  with  crack-length  and  environmentally  affected  increases  in  crack  growth  rates. 


Fig.  12.  Fracture  surface  morphology  in  dehumidified  air  at  AK  =  9  MPa  m1/2 
showing  a)  tortuous  fracture  surface  morphology  and  b)  etch  pits  revealing  that 
fracture  occurred  along  {001}  planes.  Crack  growth  is  from  left  to  right  [11], 


Fig.12.  Concurrent  fracture  along  {001}  and  {011}  fracture  planes  at  a  AK  of  9 
MPa  m1/2  in  0.5M  NaCl  solution.  Crack  growth  is  from  left  to  right  [11], 

The  fractional  area  of  {011}  cracking,  therefore,  was  determined  at  four  AK  levels  and 
various  crack  lengths  for  specimens  tested  in  the  aerated  NaCl  solution.  Ten  digital  scanning 
electron  images  were  acquired  across  the  thickness  of  each  specimen.  Through-thickness  average 
of  the  fractional  area  of  the  flat  faceted  {011}  fracture  was  determined  at  each  crack  length  by 
digital  image  analysis.  The  results  were  used  to  estimate  growth  rates  associated  with  the  {001} 
and  {011}  mechanisms  using  the  following  microstructural  superposition  model  [25,26].  The 
model  assumed  fatigue  and  corrosion  fatigue  crack  growth  proceed  as  parallel  processes,  and  the 
overall  FCG  rate  in  the  deleterious  environment,  (da/dN)e,  is  given  by  Eq.  (9): 


da'' 

)r 


r  da  ^ 
^  Jz 


f  da  ^ 


<t> 


(9) 
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where  (da/dN)r  is  the  “purely  mechanical”  growth  rate  component  in  an  inert  or  dehumidified 
environment,  (da/dN)c  is  the  growth  rate  due  to  cycle-dependent  corrosion  fatigue,  and  0  is  the 
fractional  area  of  the  crack  that  is  undergoing  pure  corrosion  fatigue  [25,26],  The  model  assumes 
that  the  contribution  by  stress  corrosion  cracking  is  negligible. 

The  corrosion  fatigue  component  in  the  chemically  short-crack  and  long-crack  regimes 
may  be  further  subdivided  in  terms  of  contributions  from  the  {001 }  and  {01 1 }  type  mechanisms 
acting  in  parallel.  For  tests  in  the  aqueous  environment,  the  contribution  from  “purely 
mechanical”  fatigue  was  considered  to  be  absent;  i.e.,  0  =  0.  The  crack  growth  rate,  in  terms  of 
the  fractional  area  of  {01 1 },  y/,  is  given  from  Eq.  (9)  as  follows: 


(  da_\ 
dN 


JC 


f  da  ^ 

In 


v+ 


4011} 


da 

dN 


7(001} 


0-v0 


(10) 


where  (da/dN)c  is  the  FCG  rate  in  the  NaCl  solution  and  y/  is  the  fractional  area  of  the  crack 
undergoing  fracture  on  {01 1 }  crystallographic  planes. 


The  FCG  rates  through  the  {011}  and  {001 }  regions  in  the  NaCl  solution  were  estimated 
from  the  crack  growth  rate  versus  AK  and  fractographic  data.  The  rates  for  the  {01 1 }  mechanism 
were  approximately  two  orders  of  magnitude  greater  than  those  for  {001}.  Using  the  estimated 


rates  for  these  mechanisms,  the  overall 
crack  growth  rates  were  back  calculated 
using  Eq.  (10)  and  are  shown  in  Fig.  14 
against  the  measured  rates.  The  good 
correlations  show  the  internal  consistency 
of  the  estimation  procedures,  and  suggest 
the  suitability  of  the  model  as  a  predictive 
tool.  The  fractional  area  of  the  {011} 
fracture  is  highest  in  the  chemically  short- 
crack  regime  and  decays  to  a  steady  state 
value  in  the  long-crack  regime  correlating 
well  with  the  FCG  rates.  A  hydrogen 
embrittlement  mechanism  for  the  {011} 
mode  of  fracture,  and  for  the  enhancement 
of  crack  growth,  was  proposed  and  needs 
to  be  confirmed. 


Fig.  14.  Comparison  of  predicted  and  actual  FCG  rates,  at  AK 
of  5,  7,  9  and  10  MPa-m1/2,  showing  the  growth  rate  depend¬ 
ence  on  the  fractional  area  of  {01 1 }  fracture  [11]. 


5.0  Understanding  of  Corrosion  Fatigue  Response 

Based  on  the  foregoing  mechanistic  understanding,  a  possible  clarification  of  the 
dichotomy  between  the  conventional  and  fracture  mechanics  approaches  to  corrosion  fatigue  was 
proposed  [27,28].  The  original  proposal,  considering  the  effect  of  pre-pitting  on  fatigue  life,  is 
first  summarized.  The  effect  of  concurrent  pitting  and  fatigue  is  then  considered  in  terms  of  the 
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competition  between  these  processes,  and  the  implication  of  the  finding  on  the  understanding  of 
corrosion  fatigue  and  stress  corrosion  cracking  is  discussed. 

5.1  Effect  of  Pitting  Corrosion  on  Fatigue  Life 

Clarification  of  the  dichotomy  between  the  conventional  and  fracture  mechanics 
approaches  to  corrosion  fatigue  may  be  addressed  through  an  estimation  of  the  effect  of 
corrosion  pits  on  fatigue  (or  crack  growth)  life.  A  re-examination  of  the  data  of  Harmsworth  [29] 
on  the  effect  of  pre-corrosion  on  fatigue  in  a  2024-T4  aluminum  alloy  showed  that  the  fatigue 
lives  could  be  correlated  with  the  crack  growth  lives  from  the  initial  pit  sizes  [27,30].  In  other 
words,  the  observed  fatigue  life  may  be  governed  essentially  by  the  size  of  the  initiating  damage 
(particle  or  pit)  and  the  rate  of  subsequent  crack  growth.  It  was  assumed  that  crack  nucleation 
time,  if  present  at  all,  could  be  reasonably  neglected. 

For  these  estimates,  the  initiating  corrosion  pit  was  assumed  to  be  hemispherical  in  shape 
and  to  be  equivalent  to  a  semi-circular  crack  with  the  same  radius  [27,28].  There  is  no 
mechanistic  model  for  fatigue  crack  growth  at  this  time.  As  such,  the  following  power-law 
relationship  was  adopted: 


—-  =  CF(AK-AKlh)n‘-,  AK  =  pAaam  (11) 

dN 

where  CF  is  the  crack  growth  rate  coefficient;  AKth  is  the  fatigue  threshold  AK;  (i  =  2.2rim  is  a 

geometric  parameter,  and  nc  is  the  power-law  exponent.  The  parameters  CF,  nc  and  AK,h  are 

functions  of  environment,  temperature  and  other  factors.  (It  is  recognized  that,  for  an  appropriate 

mechanistic  model,  the  functional  dependence  of  da/dN  on  the  driving  force  AK  must  be  fixed. 

The  exponent  nc,  therefore,  was  taken  to  be  deterministic,  and  the  variability  in  da/dN  was 

assigned  to  CF  and  AK,h  to  reflect  their  dependence  on  material  properties.  The  following  values 

are  used,  based  on  data  for  2024-T3  alloy  in 

0.5M  NaCl  solution  at  room  temperature:  CF  = 

3.95xlO-11  (m  eye'1)  (MPaVm)'3'55,  nc  =  3.55 

and  AKth  =  0.5  MPaVm.  The  choice  of  AKth  is 

somewhat  arbitrary,  and  recognizes  that  the 

level  associated  with  a  corrosion  pit  may  be 

substantially  lower  than  that  observed  from 

long-crack  experiments.  Because  the  initiating 

pits  are  much  smaller  than  the  final  crack  at 

fracture,  the  impact  of  the  final  crack  size 

would  be  negligibly  small.  The  fatigue  life, 

therefore,  is  given  simply,  from  integrating 

Eq.(ll),  by  Eq.(12).  The  influence  of  initial  pit 

size  is  reflected  through  the  initial  value  AKt  Fig.  lS.  Influence  ofstress  ampl.tude  and  initial  particle 

1  or  pit  size  on  fatigue  life  [27,28]. 

(see  Eq.(l  1)). 
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Nf~ 


(n c-2)CFP2A<j\AKi-AKJ 


(«c-  2) 


1  +  - 


(nc-2)AKri 


(nc-  DiAK-AKJ 


nc>  2 


(12) 


The  predicted  fatigue  lives  at  different  stress  levels  from  100  to  400  MPa,  for  an  initial 
pit  radius  of  10  to  200  |im,  are  shown  in  Fig.  15.  The  reductions  in  fatigue  lives  are  clearly 
identified  with  increases  in  the  size  of  a  corrosion  pit  (e.g.,  a  200  |im  deep  pit  at  300  MPa 
reduced  life  from  more  than  106  cycles  to  less  than  2xl04  cycles).  The  viability  of  this 
interpretation  is  demonstrated  by  the  results  from  pre-pitted  specimens  of  a  2024-T3  aluminum 
alloy  in  Fig.  16  [30],  where  the  fatigue  lives  are  shown  as  a  function  of  the  nucleating-pit  depth 
and  against  the  predicted  crack  growth  lives.  The  good  agreement  between  the  predicted  and 
observed  lives  affirms  the  assumption  that  the  crack  nucleation  life  from  a  corrosion  pit  is  very 
short  and  can  be  reasonably  neglected. 


Corrosion  Time  (h) 


Nact  ( xIO5  cycles) 


Fig.  16.  Effect  of  pre-pit  size  on  fatigue  life  in  a  2024-T3  aluminum  alloy  (upper)  and  a 
comparison  (lower)  between  observations  and  predictions  from  crack  growth  analysis  [30]. 


5.2  Effect  of  Concurrent  Pitting  on  Fatigue  Life 

To  assess  the  influence  of  concurrent  pitting  corrosion,  the  simplified  model  for  pit 
growth  suggested  by  Harlow  and  Wei  [14,17,20]  is  used  (see  Eqs  (3)  to  (5))  [13,31],  Transition 
from  pitting  to  fatigue  crack  growth  is  determined  through  the  transition  criteria  given  in  Eq.(2), 
in  conjunction  with  the  fatigue  crack  growth  and  pit  growth  rates  in  Eqs.(3)  and  (11), 
respectively.  With  the  very  low  value  of  AKth  of  0.5  MPa-m1/2,  transition  is  governed  by  the 
competition  between  pitting  and  cracking;  i.e.,  transition  to,  or  nucleation  of  crack  growth  would 
occur  when  the  crack  growth  rate  exceeds  the  pit  growth  rate.  The  transition  pit  size  is  calculated 
iteratively  from  Eq.(13),  which  reflects  equality  between  the  pitting  and  cracking  rates  at  the 
onset  of  crack  growth. 


(13) 

Note  that,  according  to  Eq.(13),  transition  from  pitting  to  fatigue  crack  growth  would  occur  at 
larger  pit  sizes  with  increasing  pitting  current  and  decreasing  frequency. 
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The  number  of  loading  cycles  over  which  pitting  and  fatigue  cracking  dominates  at  a 
given  stress  level  (i i.e .,  Npit  and  Ncg )  is  given  by  Eqs.(14)  and  (15),  respectively.  The  fatigue  life  is 
given  by  their  sum  in  Eq.(16). 


N,n<  =  ft,r  =  f 


2KnpF_ 
3  ML 


N. 


eg 


(nc-2)CFP2A<J2(PA<ra"2-AKth) 


\(nc-  2) 


1  + 


(nc~2)AKtl 


(nc-\)(pAaa"2-AKJ 


(14) 

n  >2  (15) 


N  =N  +N 

ly  F  lypit~lycg 


(16) 


ns 

CL 


(D 

T3 


CL 

E 

< 

t/> 

</) 

£ 

in 


Using  an  initial  particle  radius  of  10  pm  and  pitting  currents  (Ip)  of  10"8  and  10‘7  A,  along 
with  the  previously  given  data  on  fatigue  crack  growth,  S-N  responses  for  /  =  10  Hz  are 
determined  from  Eqs  (14)  to  (16).  The  selected 
pitting  currents  represent  a  less  severe  and  a 
more  severe  case,  respectively.  Figure  17 
illustrates  the  relative  periods  over  which 
pitting  and  cracking  is  dominant  in  relation  to 
the  overall  fatigue  life  for  the  more  severe 
pitting  case.  The  transition  pit  size  atr  ranged 
from  about  17  to  84  pm,  corresponding  to 
stresses  from  400  to  100  MPa,  versus  about  10 
to  55  pm  for  the  less  severe  case  over  the  same 
range  of  stresses.  Figure  18  (left)  shows  the 
predicted  reduction  in  fatigue  lives  and 
lowering  of  the  apparent  endurance  limits  with 
increasing  severity  in  corrosion.  The  reductions 
cut  across  the  trend  lines  given  in  Fig.  15,  and 
reflect  the  incre- 
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Fig.  17.  Relative  contributions  of  pitting  and 
growth  to  fatigue  life  [13]. 
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ases  in  transition 
pit  size  at  lower 
stresses.  They  are 
in  agreement  with 
the  very  early  con¬ 
ventional  stress- 
life  (S-N)  data  for 
corrosion  fatigue, 
reproduced  from 
Gough  [15],  in  a 
Duralumin,  which 
is  the  predecessor 
to  the  modern 
2000  series  alumi¬ 
num  alloy,  shown 
in  Fig.  18  (right), 
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Fig.  18.  Influence  of  pitting  severity  (or  frequency)  on  fatigue  life  (upper)  versus  data 
of  Gough  (lower)  [13]. 
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and  with  other  corrosion  fatigue  data.  (Note  that  40  ksi  corresponds  to  approximately  280  MPa, 
and  20  ksi  to  about  140  MPa.)  Direct  comparisons  should  not  be  drawn  because  of  differences  in 
test  conditions  and  alloy  vintage.  The  response  in  Fig.  18  may  be  viewed  also  as  a  reflection  of 
the  influence  of  loading  frequency  (see  Eq.(13)),  producing  larger  pits  prior  to  crack  growth  at 
the  lower  frequencies  and,  hence,  shorter  lives  (see  Fig.  15). 

5.3  Resolution  of  a  Dichotomy 

From  the  foregoing  analyses,  it  is  clear  that  S-N  response  is  significantly  affected  by 
pitting,  which  serves  principally  to  truncate  the  early  stage  of  fatigue  crack  growth  and  shorten 
fatigue  life.  In  other  words,  conventional  corrosion  fatigue  response  reflects  the  foreshortening  of 
corrosion-fatigue  crack  growth  life  by  pitting  corrosion.  Because  electrochemical  variables 
strongly  influence  pit  growth,  these  variables  would  also  affect  the  conventional  S-N  data.  Crack 
growth,  on  the  other  hand,  occurs  by  hydrogen  embrittlement  and  would  depend  on  the  crack-tip 
environment,  which  is,  by  and  large,  shielded  from  changes  in  external  electrochemical  vari¬ 
ables.  As  such,  it  would  be  essentially  independent  of  these  variables.  From  this  perspective, 
therefore,  the  perceived  dichotomy  (i.e.,  the  inconsistency  in  electrochemical  response)  between 
the  conventional  and  fracture  mechanics  approaches  to  corrosion  fatigue  (and  stress  corrosion 
cracking)  is  resolved.  Although  the  discussion  here  is  focused  on  the  influence  of  pitting 
corrosion  on  corrosion  fatigue,  it  may  be  generalized  to  include  other  forms  of  localized 
corrosion,  as  well  as  stress  corrosion  cracking. 

6.0  Efficacy  of  Mechanistically  Based  Probability  Approach 

To  demonstrate  the  integration  of  the  damage  processes  into  a  mechanistically  based 
probability  framework,  a  simplified  probability  model  for  pitting  and  corrosion  fatigue  was 
formulated  by  Harlow  and  Wei  [14,17].  As  discussed  in  the  foregoing  sections,  this  model 
assumed  pitting  corrosion  to  predominate  initially  and  to  be  at  a  constant  volumetric  rate,  and  the 
subsequent  fatigue  crack  growth  to  follow  a  simple  power-law  model  given  by  Eq.(ll),  except 
that  the  explicit  contribution  of  AKth  is  excluded.  The  shape  of  the  pit  is  assumed  to  be 
hemispherical  and  that  of  the  crack  semi-circular.  The  details  of  the  model  are  given  in  [17]. 

Specifically,  the  pit  depth  a  at  a  given  time  t,  up  to  the  transition  size  alr,  is  given  by 
Eq.(4).  The  crack  depth  a  at  time  t  following  transition,  where  t  =  N/f  (or  number  of  cycles  over 
frequency),  is  given  by  Eq.(17): 


,(2-nc)/2  CF  (nc  -  2) 

2 

for  nc>  2  and  t  >  tlr 

The  first  critical  point  ( ath,tth ),  at  which  the  pit  size  is  sufficiently  large  for  fatigue  crack  growth 
to  begin,  is  obtained  from  the  first  transition  criterion  in  Eq.(2)  by  setting  AK  =  AK,h  and  solving 
for  ath  and  t,h  from  Eqs.(5)  and  (11),  respectively. 


2.2Acr 

L  ^  . 


(17) 
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The  second  critical  point  (amG),  at  which  the  fatigue  crack  can  outpace  pit  growth,  is  given  by 
the  second  transition  criterion  in  Eq.(2)  and  is  the  solution  of  the  following  equation. 
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The  parameters  //>,  a0,  C/.’,  and  AA^  are  chosen  as  random  variables  that  are  mechanistically  and 
statistically  independent  of  time.  The  pitting  current  coefficient  Ip  reflects  the  scatter  associated 
with  the  rate  of  electrochemical  reaction  for  pit  growth.  Scatter  in  material  properties, 
environmental  sensitivity,  and  resistance  to  fatigue  crack  growth  is  reflected  in  CF.  Finally, 
material  and  manufacturing  quality  is  reflected  through  a0  and  A K,h.  Equations  (4)  and  (17)  to 


days 


Fig.  19.  Evolution  of  average  damage  size  with  and 
without  corrosion  [3]. 


0.10  1.00  10.00 


damage  size,  a  (mm) 

Fig.  20.  Comparison  between  predicted  and  observed 
damage  (MHWC  -  multiple  hole-wall  cracks)  in  the 
lower  wing  skin  of  a  transport  aircraft  that  had  been  in 
commercial  service  for  about  24  years  [17]. 


Fig.  21.  SEM  micrographs  showing  typical  corrosion  and 
fatigue  damage  in  the  fastener  holes  of  the  lower  wing 
skin  of  a  transport  aircraft  after  about  24  years  of 
commercial  service  [17]. 
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(19)  may  be  used  to  estimate  the  evolution  of  damage  with  time,  or  to  estimate  the  distribution  of 
damage  at  a  given  time.  Values  for  these  parameters  and  their  variability  are  given  in  ref.  [17]. 

The  effect  of  corrosion  is  clearly  seen  in  Fig.  19  which  shows  a  comparison  of  the 
evolution  of  average  damage  size  with  time  at  300  MPa  (based  on  mean  values  of  the  random 
variables),  with  and  without  corrosion,  in  relation  to  certain  allowables  and  the  probability  of 
detection  (PoD).  Corrosion  effectively  reduces  the  fatigue  life  to  less  than  20%  of  that  without 
corrosion;  most  of  which  is  consumed  in  reaching  the  transition  point  atr  =  460  |im.  The 
probability  that  the  damage  exceeds  size  a  at  time  t,  or  its  probability  of  occurrence  (PoO),  in  the 
lower  wing  skin  of  a  transport  aircraft  that  had  been  in  commercial  service  for  about  24  years 
was  estimated  through  Monte  Carlo  simulation.  The  estimated  distribution  in  damage  is  shown  in 
Fig.  20  in  comparison  with  the  measured  data  [14].  Evidence  that  corrosion  was  active  is  shown 
by  typical  scanning  electron  micrographs  of  damage  in  the  fastener  holes  from  the  wing  skins, 
Fig.  21.  Clearly,  from  Figs  19-21,  the  impact  of  corrosion  must  be  incorporated  into  programs 
for  ensuring  structural  integrity  and  reliability,  and  nondestructive  inspection  procedures  must  be 
sufficiently  sensitive  to  detect  early  corrosion  damage. 

The  agreement  between  the  predictions  from  a  very  simple  model,  using  laboratory  data, 
and  damage  in  an  aircraft  that  had  been  in  commercial  service  for  24  years  shows  the  feasibility 
of  using  the  mechanistically  based  probability  approach  for  prediction  and  demonstrates  its 
efficacy.  One  also  takes  encouragement  from  this  finding,  in  that,  though  the  tasks  for  meeting 
the  challenges  for  developing  a  new  design  paradigm  remain  daunting,  they  do  not  appear  to  be 
insurmountable. 

7.0  Summary 

Research  carried  out  under  this  grant  has  demonstrated  the  need  for  developing 
mechanistically  based  probability  models  (versus  statistically  based  parametric  models)  for  the 
evolution  of  damage  from  time-dependent  processes,  such  as  corrosion  and  corrosion  fatigue. 
Such  models  need  to  be  integrated,  along  with  other  science-based  methods,  into  a  new  paradigm 
for  the  overall  optimization  of  design,  manufacturing,  operation  and  disposal  and  for  life-cycle 
management  of  engineered  systems.  A  challenge  is  made  to  the  scientific  and  engineering 
community  to  focus  on  the  development  of  this  new  paradigm  for  designing  reliable  and 
affordable  engineered  systems.  To  meet  the  challenge,  it  is  essential  to  adopt  a  multidisciplinary 
approach.  In  this  report,  the  use  of  this  approach  in  developing  mechanistic  understanding  and 
modeling  is  illustrated  through  the  processes  of  localized  (pitting)  corrosion  and  corrosion 
fatigue  in  airframe  aluminum  alloys.  The  approach  and  results  helped  to  clarify  the  perceived 
dichotomy  between  the  conventional  and  fracture  mechanics  (i.e.,  S-N  and  crack  growth,  and 
dissolution  and  hydrogen  embrittlement)  approaches  to  corrosion  fatigue.  To  wit,  S-N  response 
is  simply  a  measure  of  the  number  of  fatigue  cycles  required  to  grow  a  fatigue  crack  from  a 
starting  microstructural  inhomogeneity;  i.e.,  of  crack  growth  life.  As  such,  conventional 
corrosion  fatigue  response  reflects  the  foreshortening  of  corrosion-fatigue  crack  growth  life  by 
pitting  corrosion,  and  would  be  affected  through  the  strong  influence  of  electrochemical 
variables  on  pit  growth.  The  process  for  integrating  this  understanding  into  the  formulation  of  a 
mechanistically  based  probability  model  for  estimating  damage  evolution  and  distribution  is 
demonstrated.  The  feasibility  and  efficacy  of  the  approach  is  demonstrated  through  the 
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agreement  between  model  predictions  and  observed  damage  in  a  transport  aircraft  that  had  been 
in  commercial  service  for  24  years.  It  is  hoped  that  the  challenge  would  be  accepted  and  that  the 
multidisciplinary  approach  would  serve  as  a  useful  framework  for  guiding  future  research  and 
for  the  development  of  quantitative  methods  for  the  assessment  of  structural  integrity  and 
reliability  of  engineered  systems. 
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